A noteworthy feature in the monetary policy decision making is that interest rate can play a significant role in addressing economic uncertainty. Although the empirical studies on monetary policy reaction function routinely include the output gap and the inflation, not many studies take into account the exchange rate uncertainty and terms of trade uncertainty. To overcome this shortcoming, this paper examines the monetary policy reaction function by including the external economic uncertainty. Based on 30 selected countries, the estimation is relaxed by using the panel heterogeneous cointegration technique. The findings suggest that (i) the interest rate can serve as an important instrument for the central bank policy decision making to combat the economic uncertainty arising from output, inflation, exchange rate and terms of trade (TOT), and (ii) the economic uncertainty (i.e., output uncertainty, inflation uncertainty, exchange rate uncertainty and TOT uncertainty) can serve as a useful information for monetary policy action to avoid and/or mitigate a negative impact of uncertainty.
Introduction
Exchange rate and terms of trade (TOT) 1 can be significant in the monetary policy decision making. The changes in prices of foreign goods via exchange rate can induce a change in domestic inflation (Taylor, 2000) . Undoubtedly, one cannot ignore the unknown change in the exchange rate for better monetary policy reaction to achieve a goal of low inflation level (Bianchi & Deschamps, 2017) . On the other hand, TOT remains significant in the open economy, in which a negative shock of TOT can induce a recovery in growth by depreciating the exchange rate (Funke et al., 2008) . Because a reduce in TOT can cause a negative impact on output gap and inflation that eventually lead to a sluggish future economic growth, the TOT cannot be ignored in the monetary policy decision making (Fatima, 2010) . A noteworthy feature in the monetary policy decision making is that interest rate can play a significant role in addressing economic uncertainty (Bernanke, 2010) . Terms of trade refer to the ratio of an index of a country's export prices to an index of its import prices (Black et al., 2017) 2 Economic uncertainty refers to unknown future economic events (Knight, 1921). policy reaction function routinely include the output gap and the inflation, not many studies take into account the external economic uncertainty, i.e., exchange rate uncertainty and terms of trade uncertainty (Note that variable in gap form--a deviation between actual value and potential/equilibrium value--can be considered as an uncertainty (Ben-Haim et al, 2017) , and thus, one can consider output gap and the inflation gap as output uncertainty and inflation uncertainty, respectively). For instance, Smets (2002) argues that the presence of output uncertainty can possibly serve as a useful indicator for the monetary policymakers to achieve better economic performances. By using detrending methods, Orphanides and Norden (2002) suggest that the output uncertainty should be measured accurately to provide a reliable signal for monetary policy design. Mishkin (2002) finds that policymaker should focus on the inflation movement in order to reduce the output uncertainty using canonical model. Furthermore, Salunkhe and Patnaik (2017) use Granger causality test and structural vector autoregression to examine the relationship between interest rate and, output gap and inflation. Their finding concludes that output gap has a greater impact rather than inflation. On the other hand, Cioran (2014) finds that the interest rate tool can well control the inflation uncertainty by using a linear regression model. Some argue that policymaker has to strive to eliminate the public's expectations and control inflation uncertainty that can increase the economic activity and induce a good economic performance. By using a cross-sectional variance of point forecast, Glas and Hartmann (2016) find that the inflation uncertainty is an important indicator of monetary policy. Sauer and Bohara (1995) suggest that the use of anti-inflationary policy can keep inflation uncertainty at low level that may avoid a deficiency in economic growth. Therefore, it seems natural to examine external economic uncertainty that can improve the effectiveness of monetary policy.
The objective of this paper is to examine the monetary policy reaction function by including the external economic uncertainty, namely exchange rate uncertainty and TOT uncertainty, without neglecting the output gap (hereafter output uncertainty) and inflation (hereafter inflation uncertainty), such that (i) the interest rate can serve as an important instrument for the central bank policy decision making to combat the economic uncertainty arising from output, inflation, exchange rate and TOT, and (ii) the economic uncertainty (i.e., output uncertainty, inflation uncertainty, exchange rate uncertainty and TOT uncertainty) can serve as a useful information for monetary policy action to avoid and/or mitigate a negative impact of uncertainty. This paper includes a sample of 30 selected countries, namely, Argentina, Australia, Brazil, Canada, China, Colombia, Czech Republic, Denmark, Finland, Hong Kong, Indonesia, Ireland, Italy, Japan, Malaysia, Mexico, New Zealand, Philippines, Poland, Russia, Singapore, South Africa, South Korea, Spain, Sweden, Switzerland, Thailand, Turkey, United Kingdom and United States to serve as a platform to test the external economic uncertainty in monetary policy reaction function. By using the panel heterogeneous cointegration test proposed by Pesaran et al. (1999) , this paper examines the augmented Taylor rule by analyzing both the long-run and the short-run relationships between interest rate policy and its determinants (i.e., output uncertainty, inflation uncertainty, exchange rate uncertainty and TOT uncertainty).
The remainder of the paper is arranged as follows. Section 2 describes the theoretical model and methodology. The data and the empirical results are discussed in Section 3. Section 4 concludes the paper.
Theoretical model and methodology

Theoretical model
This paper uses the monetary policy reaction function proposed by Taylor (1993) . Among others, it is also used by Christiano and Gust (1999) , Sturm and Haan (2011) and Kuper (2018) (Note that the economic uncertainty variables are in gap forms, in which, is the deviations of the actual value and potential value/equilibrium value). The standard Taylor rule model can be described as follows:
where, implies the interest rate gap, implies the output uncertainty and implies inflation uncertainty. The positive sign shows that the interest rate gap is positively related to output uncertainty and inflation uncertainty. In line with the hypothesis specified in this paper, an augmented Taylor rule can be explained as follows:
where, and represents exchange rate uncertainty and terms of trade uncertainty, respectively. The negative sign shows that the interest rate gap is negatively related to exchange rate uncertainty and TOT uncertainty. The theoretical model for the augmented Taylor rule in this paper is as follows: ,
where, the parameters of and are positive and parameters of and are negative. Equation 3 is the augmented Taylor rule model with certain modifications from the standard Taylor rule model to address the economic uncertainty in the terms of gap; where, implies gap and represents error term. From the Equation 3, output uncertainty and inflation uncertainty shows positive signs suggest that the monetary policymakers can counter the problem of increasing output uncertainty and inflation uncertainty by raising the interest rate gap in order to stabilise the output uncertainty and inflation uncertainty. As for the exchange rate uncertainty and TOT uncertainty that shows negative signs implies that monetary policymakers suggest lowering the level of interest rate gap to maintain the level of exchange rate uncertainty and, at the same time, to improve the TOT uncertainty.
Empirical Methodology
This subsection presents the panel heterogeneous cointegration approach proposed by Pesaran et al. (1999) that used to estimate the theoretical model specified in subsection 2.1. This approach is also known as the panel autoregressive distributed lag (ARDL). Although the aim of this approach is for the long-run relationship determination, it can also be useful for short-run relationship determination. The inputs for panel ARDL are specified in the following panel error correction model (ECM) in Eq. (4).
where, ∆ represents the first difference, represents the interest rate gap, represents the output uncertainty, represents the inflation uncertainty, represents the exchange rate uncertainty, represents the terms of trade uncertainty, denotes the error correction coefficient, denotes the long-run coefficient, denotes the group-specific effect, 1, 2, 3, … , denotes the number of countries and 1, 2, 3, … , denotes the number of times. The mean group (MG) estimator and pooled mean group (PMG) estimator for Equation 4 is as follows:
From the panel heterogeneous cointegration approach model, the MG estimator only takes into account of the mean of the parameters and estimate different regression for each group (Papageorgiou et al., 2016) . On the other hand, the PMG estimator considers the combination of the pooling and averaging coefficients.
Data and empirical results discussion
Data description
This section describes the database in further detail for this paper. This paper uses quarterly basis data for the period from year 1995 quarter one to year 2018 quarter one based on a sample of 30 countries, namely, Argentina, Australia, Brazil, Canada, China, Colombia, Czech Republic, Denmark, Finland, Hong Kong, Indonesia, Ireland, Italy, Japan, Malaysia, Mexico, New Zealand, Philippines, Poland, Russia, Singapore, South Africa, South Korea, Spain, Sweden, Switzerland, Thailand, Turkey, United Kingdom and United States. Variables taken for this study are the interest rate gap ( ), the output uncertainty ( ), the inflation uncertainty ( ), the exchange rate uncertainty ( ), and terms of trade uncertainty ( ). As mentioned in Section 1, one can use variable in gap form and uncertainty interchangeably as a deviation between actual value and potential/equilibrium value. The potential/equilibrium value can be calculated via Hodrick-Prescott (HP) filter with the value of 1600 for smoothing parameter. The sources of the data are taken from the International Monetary Fund (IMF), International Financial Statistics (IFS) and Bank for International Settlements Statistic (BIS Statistics).
In this study, the effective exchange rates index is used as a proxy of the exchange rate variable. The output variable conducted in this study is also known as the Gross Domestic Product and the money market rate is used to serve as the monetary policy variable. As for the TOT variable, it implies a relative export prices to an import prices. The interest rate gap is the difference between the real interest rate and its potential. To obtain the output uncertainty, the logged actual real output minus the logged potential real output, which is then multiplied by 100. The inflation uncertainty is the difference between the inflation rate and its potential; the inflation rate is obtained from the first difference of the log of the consumer price index level. The exchange rate uncertainty is the difference between the real effective exchange rate and its potential, which is then multiplied by 100. The TOT uncertainty is the difference between the TOT and its potential, which is then multiplied by 100.
Empirical Results
Prior to the panel heterogeneous cointegration approach testing procedure, this paper begins with the panel unit root tests, namely, Levin, Lin and Chu (LLC) test, Im, Pesaran and Shin (IPS) test and Maddala and Wu (MW) test which are applied to test the stationarity of the variables. Table 1 shows the results of the panel unit root tests for interest rate gap ( ), output uncertainty ( ), inflation uncertainty ( ), exchange rate uncertainty ( ) and TOT uncertainty ( ). The results reveal that all of the variables for 30 countries are stationary, in other words, the variables are integrated of order zero, I(0). We then examine the long-run relationship between the monetary policy and its determinants (i.e., , , , ) based on 30 countries by using the panel heterogeneous cointegration approach. The Hausman (1978) test is used to determine the right model, i.e., do not reject the null hypothesis which indicates there is homogeneity; the test suggests that the PMG estimation is more appropriate compared to the MG estimation. Table 2 discusses the results of panel heterogeneous cointegration approach for the augmented Taylor rule model by using the quarterly basis data from year 1995 quarter one to year 2018 quarter one based on a sample of 30 countries. The Hausman test statistic of 1.34 ( -value of 0.8552) impose that PMG estimates better results compared to MG estimate. The long-run coefficients of the PMG estimates that all variables are statistically significant but only certain determinants show the correct expected signs, in which, the coefficient of the output uncertainty, is 0.0348, the coefficient of inflation uncertainty, is -1.2420, the coefficient of exchange rate uncertainty, is -0.0138 and the coefficient of terms of trade uncertainty, is 0.0291. The error correction coefficient show that the value is in negative sign (-0.2239) and is significantly different from zero. Thus, we can conclude that the monetary policy has long-run relationships with output uncertainty and exchange rate uncertainty only whereas inflation uncertainty and TOT uncertainty did not show the correct expected signs even though significant. Moreover, the results of average short-run coefficients are significant; the results also discover that the average short-run coefficient of past interest rate gap is significant. The results of individual countries are presented in Appendix A, 
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Notes: ***, ** and * imply significance at the 1%, 5% and 10% level, respectively. The sample period is collected from 1995 quarter one until 2018 quarter one and the numbers in parentheses represent lag length which is examined by using Schwarz Info Criterion (SIC). I(0) and I(1) represents integrated of order zero and integrated of order one, respectively. The ***, ** and * denotes the significance level at 1%, 5% and 10%, respectively. The lag length is selected based on the Schwarz Info Criterion (SIC) by using the sample period from year 1995 quarter one until year 2018 quarter one.
To determine the augmented Taylor rule model is meaningful, this paper examines the standard Taylor rule model to show its consistency with the textbook discussion; i.e., the standard Taylor rule model does not include exchange rate uncertainty and TOT uncertainty. Table 3 shows the results of panel error correction model (ECM) for the standard Taylor rule model from the first quarter of year 1995 until the first quarter of year 2018 based on a sample of 30 countries. The Hausman test statistic of 1.87 ( -value of 0.3930) suggest that estimation of PMG is better than the estimation of MG. The long-run coefficients of the PMG estimates shows that output uncertainty is statistically significant and shows the correct expected sign compared to inflation uncertainty that shows statistically insignificant and incorrect expected signs, in which, the coefficient of output uncertainty, is 0.0984 and the coefficient of inflation uncertainty, is -0.0458. The error correction coefficient show that the value is in negative sign (-0.3185) and is significantly different from zero. Hence, we can only conclude that the long-run relationship only exist between interest rate gap and output gap but not inflation gap. On the other hand, the results of average short-run coefficients are statistically significant and have the correct signs; the results also discover that the average short-run coefficient of past interest rate gap is significant. The results of individual countries are presented in Appendix A, Table A .2 (Note that only PMG results are presented in the table because the PMG results are more favorable compared to MG results; only significant and correct expected sign variables are reported in the table). From Table A .2, the results show that most of the short-run coefficients are statistically significant. The ***, ** and * denotes the significance level at 1%, 5% and 10%, respectively. The lag length is selected based on the Schwarz Info Criterion (SIC) by using the sample period from year 1995 quarter one until year 2018 quarter one.
The following findings can be drawn from the above analysis. First, the results of monetary policy reaction function of an augmented Taylor rule show that the existence of long-run relationship between interest rate policy and output uncertainty, inflation uncertainty, exchange rate uncertainty, and TOT uncertainty. The deviation from long-run equilibrium influences the short-run dynamics of the variables. Second, a comparison result of monetary policy reaction function between the augmented Taylor rule and the standard Taylor rule reveals that the roles of exchange rate uncertainty and TOT uncertainty cannot be ignored in the monetary policy. Third, the results indicate that the past influence of interest rate gap is an uncertainty that cannot be ignored at least in the short-run. The policy implications propose that (i) the interest rate can serve as an important instrument for the central bank policy decision making to combat the economic uncertainty arising from output, inflation, exchange rate and TOT, and (ii) the economic uncertainty (i.e., output uncertainty, inflation uncertainty, exchange rate uncertainty and TOT uncertainty) can serve as a useful information for monetary policy action to avoid and/or mitigate a negative impact of uncertainty.
Conclusions
The objective of this paper was to examine the monetary policy reaction function by including the external economic uncertainty, namely exchange rate uncertainty and TOT uncertainty, without neglecting the output uncertainty and inflation uncertainty. The study has been carried out by using 30 countries.
The results obtained from the panel heterogeneous cointegration method suggest that (i) the interest rate can serve as an important instrument for the central bank policy decision making to combat the economic uncertainty arising from output, inflation, exchange rate and TOT, and (ii) the economic uncertainty (i.e., output uncertainty, inflation uncertainty, exchange rate uncertainty and TOT uncertainty) can serve as a useful information for monetary policy action to avoid and/or mitigate a negative impact of uncertainty. This study has several limitations. First, this paper only relies on a sample of 30 countries, future researchers can increase the number of countries to strengthen the existence hypothesis proposed in this paper. Second, further researchers can extend the scope of study by including other variables (i.e., capital flows, international reserves, foreign price level, stock prices, and oil prices). Third, future researches may consider carrying out the same issue with a longer period of time series and testing the model by using different methodology to obtain better results. This paper only reports those results from the variables which have the correct expected sign and are significant.
